depleted spawning biomass to a level of producing regular yields"; Bell, Leber, Blankenship, Loneragan, & Masuda, 2008) . Stock enhancement aims at both intra-and intergenerational stocking effects, while sea ranching programmes target an intragenerational effect and restocking activities expect an intergenerational effect. Sea ranching aims at harvesting all juveniles (as possible) released in the harvesting areas, which can be managed by fishers; therefore, expected species for sea ranching are sedentary, such as shellfish, or anadromous salmonids that return as adults to natal rearing areas to spawn. Many marine species may fall into the category of stock enhancement, where released juveniles are to be harvested in their generation depending on the fishing intensity and migration ranges, which is put-grow-and-take operation, while a portion of released juveniles could survive and recruit to a spawning stock.
The global concern is ecological and genetic effects of hatchery releases on wild populations. Atlantic salmon escapees from fish farms are also a real concern to negatively impact wild populations (Bolstad et al., 2017; Glover et al., 2012 Glover et al., , 2017 Karlsson, Diserud, Fiske, & Hindar, 2016) , and escapement from farm net cages has been reported for marine fishes, such as large gilthead sea bream in Greece (Somarakis, Pavlidis, Saapoglou, Tsigenopoulos, & Dempster, 2013) , European sea bass in the Adriatic Sea (Šegvić-Bubić et al., 2017) , cod in Norway (Jørstad et al., 2014) and barramundi in Australia (Noble, Smith-Keune, & Jerry, 2014) . The ecological risk of artificial propagation is the replacement of wild fish by hatchery fish (Hilborn & Eggers, 2000) . If hatchery fish compete with wild fish in a limited carrying capacity, hatchery fish may replace rather than augment wild productions (Hilborn, 1992) . Large-scale releases or escapees may also affect other competitive species. The genetic risks of artificial propagation are summarized as follows: (i) loss of genetic diversity, (ii) loss of fitness, (iii) change in population composition and (iv) change in population structure, which are widely recognized and documented in fisheries (Laikre et al., 2010) . Many anomalous genotypic and phenotypic traits have been observed in hatchery populations since the early 1980s (Allendorf & Ryman, 1987) . This type of study has been included in recent marine stock enhancement programmes (Grant, Jasper, Bekkevold, & Milo Adkison, 2017; Kitada et al., 2009 ).
However, studies on the genetic effects on wild populations have been conducted mainly on salmonids (Araki & Schmid, 2010) , and the focus of marine stock enhancement has often been on broodstock management to maintain genetic variation (Bartley, Bagley, Gall, & Bentley, 1992; Gruenthal & Drawbridge, 2012; Taniguchi, 2003) .
There has been extensive literature on the issue of ecological and genetic effects of hatchery releases on wild populations (e.g. Araki & Schmid, 2010; Grant et al., 2017; Lorenzen, Beveridge, & Mangel, 2012; Ryman & Laikre, 1991; Tringali & Bert, 1998; Utter, 1998; Waples, 1991; Waples & Drake, 2004; Waples, Hindar, Karlsson, & Hard, 2016) . However, research and monitoring of ecological and genetic impacts are generally lacking (Laikre et al., 2010) , and the studies for measuring impacts on wild conspecifics and other competitive species are missing from the stocking literature. The usefulness of salmon hatcheries for fisheries and conservation goals is unclear . This is also true for marine stock enhancement and sea ranching because of the general lack of evaluation of positive and negative effects of hatchery releases, despite considerable efforts mainly for technology development for juvenile production and release strategies (see Bell et al., 2008; Howell, Moksness, & Svåsand, 1999; Leber et al., 2004; Lorenzen et al., 2013; Taylor et al., 2017 ). It may not be possible to evaluate the feasibility of stocking programmes and competing risks with pilot-scale releases as evaluations can only be tested by full-scale releases (Hilborn, 2004) .
Here, I provide an overview of worldwide marine stock enhancement and sea ranching activity focusing on its positive and negative impacts in a systematic review. In general, systematic reviews synthesize all relevant studies on a particular topic including a meta-analysis component involving statistical data analyses from several studies with the goal of reducing bias (Haddaway, Woodcock, Macura, & Collins, 2015; Uman, 2011) . First, I describe a global picture of marine stock enhancement, sea ranching and marine aquaculture. Second, intragenerational effects of stocking on fishery production are eval- 
| EMPIRICAL STUDIES TO EVALUATE POTENTIAL RELEASES
Mass seed production techniques were developed for several marine fish, shellfish and crustaceans during the 1970s and 1980s, which provided the opportunity to study the potential of marine stock enhancement and sea ranching. Early studies evaluated the success of releasing juveniles using various tags and/or marks in many programmes, which mainly focused on recruitment success, recapture rates and/or the contribution of hatchery releases during the early period after their release. Here, I focused on results from real data or experiments.
In the late 1980s, a study for predation on wild and hatcheryreared Atlantic salmon smolts in a Norwegian estuary reported no difference between the mortality rates of wild and hatchery-reared smolts (Hvidsten & Lund, 1988) . Recruitment of wild and hatcheryproduced Atlantic cod (Gadus morhua, Gadidae) to a local spawning stock in Norway was investigated (Svåsand, Jørstad, & Kristiansen, 1990; Svåsand et al., 2000) . Norway also targeted Arctic char (Salvelinus alpinus, Salmonidae), European lobster (Homarus gammarus, Nephropidae) and great scallop (Pecten maximus, Pectinidae) for assessment, and various experimental studies have been conducted. In the USA, size-dependent mortality and recruitment success were evaluated for striped mullet (Mugil cephalus, Mugilidae; Leber, 1995; Leber, Arce, Sterritt, & Brennan, 1996; Leber, Blankenship, Arce, & Brennan, 1997) and Pacific threadfin (Polydactylus sexfilis, Polynemidae; Leber, Brennan, & Arce, 1998) using coded-wire tags (CWT). Recapture rates of California red abalone (Haliotis rufescens, Haliotidae) were evaluated (Rogers-Bennett & Pearse, 1998) . In Japan, size-dependent mortality (Tsukamoto et al., 1989) and change-point mortality processes (Kitada, Hiramatsu, & Kishino, 1994) were evaluated for red sea bream (Pagrus major, Sparidae). The effects of size at release on survival and growth (Yamashita, 1994) and optimal release size (Tominaga & Watanabe, 1998) were investigated for Japanese flounder (Paralichthys olivaceus, Paralichthyidae). Most of these early studies were experimental to evaluate the potential of releases. The major results from Norway, the USA, Japan and the other countries obtained until the 1990s are available in a book based on the of first International Symposium for Stock Enhancement and Sea Ranching (ISSESR) held in Bergen, Norway, in 1997 (Howell et al., 1999) .
In the 2000s, experimental surveys were continued for various species. A review provided an overview of worldwide restocking and stock enhancement activities of marine invertebrates since the early 2000s (Bell et al., 2005) . In the USA, post-release survival with predator-free enclosures was estimated using CWT for common snook (Centropomus undecimalis, Centropomidae) in Florida (Brennan, Darcy, & Leber, 2006) . Post-release dispersal, growth and survival have been estimated for white sea bass (Atractoscion nobilis, Sciaenidae) in California (Hervas, Lorenzen, Shane, & Drawbridge, 2010) . Red drum (Sciaenops ocellatus, Sciaenidae) enhancement in the USA is the largest marine fish enhancement programme in the world. Survival and recapture of released red drum were evaluated in Florida using stratified random sampling (Tringali et al., 2008) and in Texas using genetic assignment with 16 microsatellite markers (Carson, Bumguardner, Fisher, Saillant, & Gold, 2014) . The impact of hatchery release on recreational fisheries was also examined in Florida red drum incorporating socio-ecological models (Camp, Lorenzen, Ahrens, & Allen, 2014 ) and for Pacific threadfin in Hawaii using CWT (Friedlander & Ziemann, 2003) . Recruitment processes of the Chesapeake Bay blue crab (Callinectes sapidus, Portunidae) were assessed in terms of the proportion of released crabs in samples based on field sampling using visual implant elastomer and microwire tags (Davis, Young-Williams, Hines, & Zohar, 2005; Zohar et al., 2008) . In Australia, the feasibility of marine stock enhancement has been examined for barramundi (Lates calcarifer, Latidae), black sea bream (Acanthopagrus butcheri, Sparidae), mulloway (Argyrosomus japonicus, Sciaenidae), prawns (Penaeus plebejus and P. esculentus, Penaeidae) and abalones (Haliotis laevigata and H. rubra, Haliotidae; Chick, Worthington, & Kingsford, 2013; Hart, Fabris, Strain, Davidson, & Brown, 2013; James, Day, & Shepherd, 2007; Loneragan, Jenkins, & Taylor, 2013; Taylor, Palmer, Fielder, & Suthers, 2005) . In New Zealand, the potential of marine stock enhancement was examined for several species, such as scallop (Pecten novaezelandiae, Pectinidae), dredge oyster (Tiostrea chilensis, Ostreidae), rock lobster (Jasus edwardsii, Palinuridae) and snapper (Pagrus auratus, Sparidae; Booth & Cox, 2003) . In Europe, recapture rates were estimated for turbot (Psetta maxima, Scophthalmidae) in Denmark (Støttrup, Sparrevohn, Modin, & Lehmann, 2002) and European lobster in Norway, the UK and Italy (Ellis et al., 2015) . In Japan, an approach to estimate landings of released juveniles and wild conspecifics based on sample surveys of commercial landings at fish markets (SCFM) was generally applied. In the SCFM, researchers sampled landings at fish markets or fishing vessels to cover the range of stocking effects, where the tag reporting rate was expected to be 100%, but was a major cause of biases for estimating stocking effectiveness because tag-reporting rates were often very low (Kitada, Taga, & Kishino, 1992) ; therefore, reliable estimates were expected.
This method was applied to abalone (Haliotis discus discus, Haliotidae; Kojima, 1995) , masu salmon (Miyakoshi, Nagata, Sugiwaka, & Kitada, 2001 , and commercial landings were estimated from releases. A fish market census was also conducted for Japanese flounder, where all fish landed at the Miyako fish market, Iwate Prefecture, were examined for their hatchery or wild origin (Okouchi, Kitada, Iwamoto, & Fukunaga, 2004) . Genetic marking was used to estimate recapture rates of mud crab based on a genetic stock identification technique (Obata, Imai, Kitakado, Hamasaki, & Kitada, 2006) .
In the early 1990s, caution was raised regarding the risks of adverse ecological and genetic effects of artificial propagation on wild Pacific salmon populations (e.g. Hilborn, 1992; Waples, 1991 (Schramm & Piper, 1995) . At the symposium, a review of the genetic effects of hatchery-reared Pacific salmon and steelhead on wild populations reported that direct evidence supported by empirical data was absent or largely circumstantial (Campton, 1995) . A conceptual framework for responsible marine stock enhancement was proposed (Blankenship & Leber, 1995; Lorenzen, Leber, & Blankenship, 2010 updated) . The second ISSESR was held in Kobe, Japan, in 2002, and one of the main objectives was to learn how to approach the ecological and genetic risks from the experience of Pacific salmon (Leber et al., 2004) . The third-fifth ISSESR was held in Seattle, USA, in 2006; Shanghai, China, in 2011; and Sydney, Australia, in 2016. These meetings focused mainly on marine species, and papers presented are available in several journals (Bell et al., 2008; Lorenzen et al., 2013; Taylor et al., 2017) . Publications from the second to fifth ISSESR meetings provide an overview of marine stock enhancement and sea ranching studies after 2000 on a variety of species and geographical regions. According to a recent review from the fifth ISSESR, the present global marine stock enhancement and sea ranching practices focus on evaluating performance of pilot-scale releases before full implementation, mainly using mark-recapture and population dynamics modelling incorporated with social and economic issues (Taylor et al., 2017) . Looking back on the history of marine stock enhancement and sea ranching, almost all studies were at the experimental or research stages and evaluated survival and recapture after release using tagging or marking studies mainly to assess the potential of hatchery releases. Few studies evaluated the stocking effects on fishery production.
| RECAPTURE RATE AND CONTRIBUTION OF RELEASED SEEDS
I summarized 14 pilot studies (Table S1 ) and 23 full-scale programmes ( released juveniles (Table S2 ). The total number of adults returned was used for salmon to calculate the recapture rate, which covers the whole life history from release to spawning. A meta-analysis was conducted for the full-scale programmes using recapture rates as an index of performance. I assumed that each experiment (i = 1, …, n) was conducted independently. The arithmetic mean (ȳ i ) and variance (s were visualized using the forestplot function in R.
Recapture rates for full-scale releases of 16 marine species including chum salmon largely varied between species and cases, ranging from 0 to 50.6% (Figure 2 ). The case studies included 14 stock enhancement and two sea ranching programmes and covered all types of hatchery releases classified by broodstock or seed used for stocking. Here, I tentatively classified as type I (collection of wild-born larvae and/or juveniles), type II (using different wild parents every year, including hatchery fish) and type III (repeated use of wild or farmed parents and their progeny). The weighted average ± SD was 8.1 ± 8.0%, and the empirical distribution of the summary statistics showed that most cases had recapture rates of 5-15%. The recapture rate for Atlantic cod was high at 15.5 ± 8.0%
with large variation. Red sea bream, an iconic species of Japan's marine stock enhancement programme, showed a moderate recapture rate of 7.6 ± 0.6% with small variation. In contrast, the return rate of Japan chum salmon was small at 2.7 ± 1.4%. It may be noteworthy that crustaceans had generally smaller values <5%.
Sea urchin (18.2 ± 17.5%) and abalone (12.2 ± 8.1%) had relatively large recapture rates, but variation was very high. The largest recapture rate was 34.5 ± 10.2% for Japanese scallop sea ranching in Hokkaido. The high performance was possible using the fishing ground rotating system, where fishing grounds were generally partitioned into four areas, and 1-year-old naturally born spat of >3.5 cm shell length are released after rearing for 1 year in net cages and then placed into another area each year after removal of predators (star fish; Kitada & Fujishima, 1997; Uki, 2006) . Released spat cannot be identified because they are not marked, but they spawn in the next year at 2 years of age. This system enables harvest of all released and wild-born scallop after complete prohibi- The contribution of hatchery fish in the landings can be an index of stocking impact for full-scale programmes, which, on a macro-scale, was generally low in Japan. Estimated commercial landings based on YPR in Table S3 were ~10% for red sea bream and Japanese flounder for all areas of Japan (Kitada & Kishino, 2006) . The contribution rate for Kuruma prawn was also ~10% for all of Japan, but prawn enhancement failed to increase catch, which has decreased since 1985 and has not recovered . Density-dependent mortality during the juvenile stage was known for marine fish, such as cod, plaice, sole and whiting, and was related to juvenile abundance (Myers & Cadigan, 1993 ). In the above cases of red sea bream and Japanese flounder, density-dependent mortality of released juveniles was observed (Kitada & Kishino, 2006) . It was unknown what extent of released juveniles succeeded to recruitment with wild conspecifics, but the contribution estimates contained such competition in the recruitment process. The calculation of the contribution rate was based on YPR values and numbers of released seeds for the species; therefore, it only accounted for the intragenerational stocking effect. Natural recruitment is more strongly influenced by environmental factors than spawning biomass for many marine species, except at very low spawning biomass sizes (Szuwalski, Vert-Pre, Punt, Branch, & Hilborn, 2015) .
The recruitment variation of fish is often substantial (Thorson, Jensen, & Zipkin, 2014) . Therefore, it is generally difficult to measure the intergenerational stocking effect on fishery production, except for conservation hatcheries or restocking programmes that target depleted stocks. The empirical contribution rates of hatchery-released juveniles suggest that the effects of releasing marine fish and crustaceans can be dwarfed by the magnitude of natural recruitment (Blaxter, 2000) and buried in the intrinsic stochasticity of the population when the spawning stock produces much larger recruitment than fish that are released.
| ECONOMIC PERFORMANCE OF HATCHERY RELEASES
The economic performance of large-scale releases has been studied since the late 1980s (Hilborn, 1998; Moksness & Støle, 1997; Moksness, Støle, & van der Meeren, 1998; Sproul & Tominaga, 1992) . Hatchery programmes of pink salmon in Prince William Sound and Chinook and coho salmon in the Pacific Northwest, USA, were economically beneficial, assuming no interaction with wild fish (Hilborn, 1998) . Based on the net present value (NPV) with an 8% interest rate (discount rate), Sproul and Tominaga (1992) found that the Japanese flounder release programme in Ishikari Bay, Hokkaido, Japan, was economically practical. In Norway, economic performance was evaluated for species targeted in the Norwegian Sea Ranching Program (PUSH) using NPV analysis (Moksness & Støle, 1997; Moksness et al., 1998; Svåsand et al., 2000) , where 15% and 10% interest rates were used. The results provided negative NPV for all species in the broad range of recapture rates, juvenile production costs and market prices. Arctic char was not economically profitable, while higher recapture rates were needed for Atlantic
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KITADA cod (~20%) and Atlantic salmon (~10%) to reach profitability. For
European lobster, ~50% reduction in juvenile production costs, increased recapture rates (~15%) and an optimized release strategy were needed.
After these studies, several cases were evaluated including the economic feasibility of major marine stock enhancement programmes Japanese flounder (Kitada & Kishino, 2006) , JSM (Obata et al., 2008) and abalone (Hamasaki & Kitada, 2008a) was evaluated based on YPR (Hamasaki & Kitada, 2008b; Hamasaki, Obata, Dan, & Kitada, 2011 ; Table S3 ). YPR is defined by grams of fish caught per individual released (Hamasaki & Kitada, 2008b; Kitada & Kishino, 2006; Svåsand et al., 2000) and is calculated by where r is the recapture rate of released juveniles and w (g) is the mean body weight per recaptured individual. Economic efficiency (E) is defined as the ratio of net income to the release cost, which is estimated as follows:
where v is the fish price per gram and c is the cost of each seed, and therefore, v/c is the seed cost performance.
In addition to the literature survey, I calculated YPR for Japanese scallop in Hokkaido as 69 g using equation (1), assuming an average recapture rate (34.5%) of the scallop on the Sea of Okhotsk coast (Table S2 ) and w = 200 g. Hence, the economic efficiency value was 4.6, assuming v = 200 yen/kg and c = 3 yen/spat (Uki, 2006 ) based on equation (2). The YPR for chum salmon in Hokkaido was calculated to be 120 g using an average return rate of 4% and w = 3,000 g. Economic efficiency value was 9.6, assuming v = 400 yen/kg and c = 5 yen/juvenile. In other Japanese large-scale release programmes, high contributions of hatchery fish were reported in the landings of Japanese puffer fish (Takifugu rubripes, Tetraodontidae; Matsumura, 2006) and black sea bream , and there was a remarkable increase of hatchery fish in the depleted fisheries production of the rare spotted halibut (Verasper variegatus, Pleuronectidae; Wada, Kamiyama, Shimamura, Mizuno, & Nemoto, 2012) and barfin flounder (Verasper moseri, Pleuronectidae; Wada et al., 2014) . However, no YPR estimates and/or necessary information to calculate YPR was reported, such as recapture rates and body weights at recapture for these cases, and economic performance was not evaluated for these programmes.
Consequently, economic performance was evaluated for 14 cases of 12 species (Table S3 ). The results showed that economic efficiency was greater than one (economically profitable), in almost all cases except for Atlantic cod, European lobster and Kuruma prawn.
The release costs used in the analysis did not include personnel expenses, facilities, monitoring or administration costs. It also did not account for costs due to negative effects on natural populations and ecosystems (Hilborn, 1992; Waples, 1999) . I did not use the NPV approach, which rigorously needed various data, such as annual costs for harvest, management and interest rates, and was difficult to obtain for each case. The NPV analysis considers interest rate (discount rate) for the period of time of the cash flow (in our case, years from release to recapture). The estimates of economic efficiency obtained Table S3 were superimposed
here should be reduced if an NPV approach is applied, resulting in more conservative estimates of economic efficiency. The results in Table S3 should therefore be optimistic estimates of the economic performance of marine stock enhancement and sea ranching.
The YPR contour lines for various levels of growth in terms of weight at recapture and recapture rate drawn by equation (1) show that species with higher growth rates and higher recapture rates produced
higher YPR values (Figure 3a) . The economic efficiency contour lines for various levels of YPR and the seed cost performance (v/c) described based on equation (2) show that species with a larger YPR and higher seed cost performance produce higher economic efficiency (Figure 3b ).
Estimates of YPR and economic efficiency from Table S3 for this case (Moksness et al., 1998) . The economic efficiency was very high for Chinese shrimp (7.1) because of the high seed cost performance (3.74, value not plotted). This might be overestimated because juveniles for release were purchased from private seed producers and the number of released juveniles tended to be over-reported. Taken together, the results here suggest that marine stock enhancement and sea ranching might be economically unprofitable in many cases, excluding several successful cases, such as Japanese scallop and chum salmon in Hokkaido. Fishers pay ~7% of chum salmon landings annually in Hokkaido, and all costs of Japanese scallop sea ranching are covered by fishers. I did not treat socio-economic issues as was discussed for the Florida red drum stock enhancement programme for the recreational fishery (Camp et al., 2014) . In Japan, measuring the impacts of planned dam construction on fisheries was required in the case of ayu (Plecoglossus altivelis, Plecoglossidae; Kitada & Tezuka, 2002) , and the substantial catch by recreational fishers was raised as a concern for the access right of commercial fishers to masu salmon (Miyakoshi, Koyama, Aoyama, Sakakibara, & Kitada, 2004) . In both cases, large numbers of hatchery fish were released, and the total catch by recreational fishers was required by administrative organs to predict economic values of the recreational fisheries. Socio-economic issues need a different framework of evaluation, but intragenerational stocking effects such as those described here should be core information even in such analyses.
| ECOLOGICAL INTERACTION BETWEEN WILD CONSPECIFICS AND OTHER SPECIES
Pacific salmon hatchery releases are the world's largest stocking programmes, and the case-studies of these species may provide important information on ecological interactions between hatchery and wild conspecifics and other competitive species. I examined hatchery-wild interactions using data sets of long-term catch 
| Catch and release of Pacific salmon and steelhead
The long-term trends in commercial catches of Pacific salmon and steelhead show that population dynamics differed between species and local populations by countries and that variations in catches were large ( Figure S2 ). Interestingly, significant increases in total catch have synchronized pink, chum and sockeye salmon since the 1970s with positive correlations (Table S4 ). In contrast, a synchronized decrease has been observed in coho and Chinook salmon since the mid-1990s, which was negatively correlated with catches of pink, chum and sock- that is affecting the ocean and river environments (Beamish, 2017; Beamish & Bouillon, 1993; Hilborn, 2013; Kaeriyama, Seo, Kudo, & Nagata, 2012; Springer & van Vliet, 2014) .
The different and complex life history patterns, particularly the specific dependency on nursery rivers and lakes, might affect survival rates. Coho is most closely related to Chinook by forming a subgroup within the salmon species group, and pink, chum and sockeye form a second subgroup (Healey, 1991) . Coho spend a relatively long time, usually 1 or more years, in freshwater before migrating to sea (Sandercock, 1991) . Chinook vary in age at seaward migration, duration in freshwater, and estuarine and ocean residence. Streamtype Chinook spend 1 or more years in freshwater, and ocean-type Chinook migrate to sea within 3 months of emergence (Healey, 1991) .
Wild steelhead spend 2 or more years in rivers before migrating to sea (Berejikian et al., 2012) . In contrast, pink and chum migrate to sea soon after emergence (Heard, 1991; Salo, 1991) . Juvenile sockeye rear in lakes for 1-3 years, but some populations utilizing streams may migrate to sea soon after emergence (Burgner, 1991) . A consistent catch decline in coho and Chinook salmon, which have complex life history patterns requiring they spend a longer time period in rivers and streams, suggests that the decline might be mainly caused by reduced survival rates of freshwater stages adversely affected by climate change (Honea, McClure, Jorgensen, & Scheuerell, 2016; Springer & van Vliet, 2014) .
The total numbers of released pink, chum and sockeye salmon have increased substantially since the 1970s and remain high, although variation was high in sockeye salmon, which is decreasing since 2004 ( Figure S3 ). The decrease in chum salmon releases in 2011
was mainly due to the Great Tohoku earthquake with magnitude 9.0 in Japan causing damage to salmon hatcheries. (Heard, 1991) , and chum have a variable lifespan, but often attain maturity at 2-5 years of life (Salo, 1991) . Sockeye salmon usually reside in the ocean for 1-4 years (Burgner, 1991) , and coho salmon usually remain in the ocean for 18 months or more (Sandercock, 1991 (Healey, 1991) . Steelhead return to spawn from the year of birth after 2 years (2%), 3 years (71%), 4 years (26%) and 5 years (2%) , but hatchery fish are released after 1 or 2 years of birth when they grow into smolts (Berejikian et al., 2012) . Here, I assumed that hatchery-released pink and coho salmon are caught 1 year after release, and steelhead are caught in average after 2 years, but after 3 years for sockeye and 4 years for chum and The results showed that hatchery releases contribute to increased catches for chum salmon caused by the increased carrying capacity in the North Pacific and improved hatchery technologies (Irvine & Fukuwaka, 2011; Kaeriyama, Seo, & Kudo, 2009 , df = 1 and 30), suggesting competition between hatchery and wild fish in rivers.
| Competition between hatchery-wild and other competitive species
I calculated the mean body weight (BW) of salmon commercial catch by dividing the total catch in weight by that in number using NPAFC statistics for 1925-2016. All species showed decreasing trends in BW except sockeye, which was relatively stable ( Figure S4 ). In the following analysis, I focused on chum salmon in relation to pink salmon because they are both in the lowest trophic levels among Pacific salmonids and differ from those of sockeye, coho, steelhead and Chinook salmon (Kaeriyama, 2004) . To infer density-dependent growth, I examined the relationship between mean body weight (BW) (W, kg) and commercial catch (N) in number as an index of the population abundance. The parameters used in the curvilinear model N = αW −β , which is known as Kleiber's rule (Kleiber, 1947) , were estimated using a nonlinear ordinary least squares method as was carried out in a previous study of JSM in the Seto Inland Sea (SIS; Nakajima et al., 2013) . In the analysis, I
excluded the data between 1955 and 1980 when catch was low and body sizes were smaller, and the carrying capacity might have been lower during this period to explain by a common β-value (Figure 5a , magenta). The estimated parameter values for chum salmon were α = 1.628 × 10 7 ± 1.064 × 10 7 (t = 1.530, p = .131) and β = 4.344 ± 0.527 (t = 8.241, p = 1.21 × 10 −11 ). The parameter β describes a "self-thinning process" (Kleiber, 1947) . If the carrying capacity of a species is limited, the number of individuals per unit area that can be supported is expected to be inversely related to mean BW. This process is well-known in plant populations but less well established in mobile animals (Kleiber, 1947) . The parameter β is the metabolic rate per unit size and explains the relative food supply of an individual. A large β-value indicates a need for large food supply, and the population size rapidly decreases against the increase of β if the food supply is constant. Several estimates of β have been obtained based on empirical studies of salmonid species, that was, 0.889 for resident brown trout, 0.939 for anadromous brown trout, 1.067 for Atlantic salmon (Bohlin, Dellefors, Faremo, & Johlander, 1994 ), 1.33 for juvenile anadromous brown trout (Armstrong, 1997) and 0.74 for juvenile steelhead (Keeley, 2001 ). The estimated value of β for chum salmon (4.344) was surprisingly higher than those values for juvenile salmonid fish. However, in previous studies, the β-values were estimated from samples that contained the same cohorts, so they explained the self-thinning process of a cohort. In contrast, β for chum salmon was estimated using different cohorts over a 65-year period (1925-1954 and 1981-2016 combined) .
Therefore, the estimate does not describe the self-thinning process of a cohort, but it does explain the density-dependent growth of chum salmon with a variable food supply each year. In this analysis, commercial catch was used as an index for population abundance.
It was unknown whether the commercial catch was linearly related to the population abundance, but it might reflect the relative population size in its remarkable increase since the 1970s ( Figure S4 ).
Unexpectedly, the value of β (4.344) for chum salmon was much higher than that for highly piscivorous migrating large fish, JSM (2.760) , suggesting that intra-and interspecific competition for food might be very strong for chum salmon including other salmonid species in the North Pacific. The proportion of hatchery-origin chum salmon abundance was highest in the late 1990s at ~70% and is currently at ~45% (Irvine & Ruggerone, 2016) . In fact, density-dependent growth and size at maturity were found for age-4 female adult chum salmon returning to 11 rivers in Hokkaido (Kaeriyama et al., 2009 ) and for wild chum salmon in Norton Sound, Alaska, USA (Ruggerone, Agler, & Nielsen, 2012) .
For pink salmon and steelhead, the self-thinning parameters were β = 2.743 ± 0.508 (t = 5.403, p = 1.03 × 10 −6 ) and β = 1.925 ± 0.553 (t = 3.480, p = .00166), respectively. These values are significant but smaller than chum salmon and close to JSM, suggesting that the intraspecific competition was substantial even in pink salmon and steelhead. In contrast, β-values were not significant for sockeye and coho salmon, and the value could not converge for Chinook salmon ( Figure S5 ).
The catch of chum salmon in number was significantly correlated with that of pink salmon (r = .66, t = 7.0215, p = 1.705 × 10 , df = 64; Figure 5c ). Interestingly, BW in 1981 (blue, when the population size was high) was reduced for both species compared with that in 1925-1954 (green) when the population sizes were smaller (Figure 5b,c) . These results suggest inter-species competition between chum and pink salmon for similar food, which reduced body sizes during the same period when abundance increased. The results here suggest that mass releases of juveniles can simultaneously reduce the growth of both hatchery and wild fish and also other competitive species when the population size (hatchery + wild) exceeds the carrying capacity.
| GENETIC EFFECTS OF HATCHERY PROPAGATION

| Reproductive success
Loss of adaptation in stocked populations is a core issue for the genetic effects of artificial propagation. The first study on this topic was reported in 1977 for summer steelhead from the Deschutes River, Oregon, USA, using genetic marking (Reisenbichler & McIntyre, 1977) .
Eyed eggs or unfed swim-up fry of different mating histories, such as hatchery × hatchery (HH), hatchery × wild (HW) and wild × wild (WW), were released in four natural streams and a hatchery pond.
WW fish had the highest survival in the streams, whereas HH fish had the highest survival and growth rates in the hatchery pond. A review of five similar studies in natural streams concluded that steelhead and Chinook salmon hatchery programmes that rear juveniles for ≥1 year before release reduce reproductive success (RS) when these fish spawn in natural systems (Reisenbichler & Rubin, 1999) .
This early hypothesis on RS was first examined for farmed Atlantic salmon by experiments in rivers using modern parentage assignment methods. One of the key studies released farmed and native adult Atlantic salmon into an experimental area of a Norwegian river and found that lifetime relative RS (adult-to-adult RRS) of the farmed fish was very small at 16% that of the native salmon (Fleming et al., 2000) .
Another key study planted live Atlantic salmon eggs (wild, farmed and hybrids) in artificial redds in an experimental Irish river and found that lifetime RS (to wild) was only 2% for farmed fish, and the RS of the F1 hybrids was 27% (farmed female × wild male) and 42% (wild female × farmed male; McGinnity et al., 2003) . In contrast, RS was close to wild at 89% when F1 hybrids were hybridized with wild (BC1W, F1
hybrid × wild), while RS was 31% when F1 hybrids were hybridized with progeny of farmed fish (BC1F, F1 hybrid × farm). For hatchery releases, the steelhead study in Hood River, Oregon, USA, was the first to find that lifetime RRS of hatchery fish spawned from one hatchery and one wild parent (HW) was 55% of hatchery fish having two wild parents (WW) spawned in a natural environment and the reduction in RS carried over to the next generation (Araki, Cooper, & Blouin, 2009) . A review summarized that RRS estimates for hatchery fish (to wild) are about half in several cases of coho, Chinook, Atlantic salmon and steelhead as reviewed by Christie, Ford, and Blouin (2014) . On the contrary, the lifetime RS of first-generation hatchery steelhead was nearly double compared with wild fish when they spawned in captivity, suggesting substantial adaptation to captivity after a single generation of rearing in the hatchery (Christie, Marine, French, Waples, & Blouin, 2012) . In contrast, the RS (adult-to-fry) of hatchery chum salmon was nearly identical to that of wild fish when they spawned in an experimental stream channel (Berejikian, Van Doornik, Scheurer, & Bush, 2009 ). The lifetime RRS estimates for naturally spawning F1 Chinook salmon were close to 1.0, ranging from 0.72 to 1.31 with a mean (SD) of 0.98 (0.17) (Hess et al., 2012) .
I estimated the posterior probability distribution of RRS using the steelhead data (F1 fish) from the Hood River (Araki, Ardren, Olsen, Cooper, & Blouin, 2007; , which were analysed in a previous study (Kitada, Kishino, & Hamasaki, 2011) , and
Chinook salmon from the Johnson Creek, Idaho, USA, using the data given in table 3 of the original study of Hess et al. (2012) . In the latter analysis of Chinook salmon, three estimates for males (H × -vs.
W × -) were excluded because of the small sample sizes with one missing estimate out of three. The RRS posterior distributions in a super-population implied a reproductive decline in hatchery-reared steelhead, although the 95% credibility region was broad (Figure 6a ).
In contrast, the mean RRS was nearly one in Chinook salmon with a narrower credibility region (Figure 6b ). The inference assumed that the sample mean of individual RS values follows a log-normal distribution.
In general, a sample mean of a random variable with sufficient sample size follows a normal distribution based on the central limit theorem, regardless of the distribution of the random variable. In addition, an individual RS is a phenotype and takes positive values. Therefore, the Pink salmon catch (million fish) Chum salmon catch (million fish) 1925−1954 1955−1980 1981−2016 Pink salmon body weight (kg) Chum salmon body weight (kg) 1925−1954 1955−1980 1981−2016 (c) assumption that the logarithm of a mean RS estimate follows a normal distribution is valid for any distribution of individual RS estimates. The results suggest that RS of hatchery fish varies depending on species, seed quality, broodstock, duration of seed production, environmental factors and carrying capacity, particularly in rivers.
Lower RS was found for a higher proportion of hatchery fish (P h ) in 89 populations (out of 93) of coho and Chinook salmon, and steelhead in the Northwest, USA (Chilcote, Goodson, & Falcy, 2011 , 2013 . Results of the Chilcote and colleagues' original study suggest that hatchery and wild fish compete on spawning grounds with a limited carrying capacity for food and space and imply that competition between hatchery and wild fry/juveniles in rivers (spend >1 year) is crucial in determining species-specific survival rates. Three cases were possible for fitness of hatchery and wild fish (H = W, H > W and H < W). The best-fit model in the original study indicated that large hydroelectric dams and hatchery location negatively affected survival rates of hatchery and wild salmonids, but that duration of hatchery release and hatchery type (integrated or segregated) did not influence a population's intrinsic productivity. Their finding suggests that the reduction in RS in the populations might be ecologically rather than genetically based (Chilcote et al., 2011; Nickelson, 2003) and agreed with the above analysis that found 46% of variation in decreasing steelhead catches in the USA was attributed to increased hatchery releases.
| Empirical studies
I reviewed the literature published in peer-reviewed journals after 1990 that reported genetic effects of hatchery releases and summarized studies that documented genetic effects on wild (stocked) populations. Studies that reported only genetic analysis of farmed escapees or genetic differences between hatchery and wild populations were excluded here. Evidence for the genetic effects on stocked populations was found in 11 of 28 cases (39%), while four cases were circumstantial (14%) and 13 cases showed no genetic or positive effects (increased population size) (47%) ( Table S5) . A total of 38 observations for genetic effects was reported, of which 19 (50%) were evidence and/or circumstantial negative effects (Figure 7) . The most frequently observed genetic effect including the circumstantial cases (cases 5, 6, 7, 9, 12 and 20 in Table S5 ) was difference (or homogenization) in allele frequencies, followed by introgression (gene flow) of hatchery genes (cases 3, 16, 18 and 21), altered population structure (cases 20, 25 and 26) and changes in run timing (cases 25 and 27). Reduction in genetic diversity (case 7), effective population size (N e ) (case 18) and the Ryman-Laikre (R-L) effect (Ryman & Laikre, 1991) (case 28) were reported for a single case each. On the other hand, no effect was found on genetic diversity (cases 4, 8, 11, 14, 15 and 24) , allele frequencies (cases 1, 2 and 17) and N e (cases 18 and 23). No R-L effect (cases 3 and 14) and no reduction in N e (cases 18 and 23) were reported.
For marine fishes, changes in allele frequencies were not found for cod in Norway (Svåsand et al., 2000;  Table S5 ). High genetic similarity has been found between wild and hatchery stocks of black sea bream in Hiroshima Bay, Japan . The genetic diversity indices for JSM in the SIS were stable before and after releases. The substantial introgression of hatchery fish (~12%) from two years of releases was quantified, but R-L effect was not detected (Nakajima et al., 2014) .
No changes in genetic diversity of Pacific herring (Clupea pallasii) with spatiotemporal stable population structures were observed (Kitada et al., 2009; Kitada, Yoshikai, et al., 2017) . The Texas red drum enhancement programme replaces ~25% of the broodfish with wild each year; nevertheless, the analysis suggested a potential R-L effect (Gold, Ma, Saillant, Silva, & Vega, 2008; Karlsson, Saillant, Bumguardner, Vega, & Gold, 2008) . In contrast, no effect on genetic diversity was reported in the stocked red drum population in the South Carolina (Katalinas, Brenkert, Darden, & Denson, 2017) . A series of studies on Japanese red sea bream found a panmictic population in western Japan, but there were differences in allele frequencies in KB (Taniguchi & Sugama, 1990) and Kochi Bay (Perez-Enriquez, Takemura, Tabata, & Taniguchi, 2001) populations, and they suggested that these effects and haplotypes were found in red sea bream in KB (Hamasaki, Toriya, Shishidou, Sugaya, & Kitada, 2010; Shishidou, Kitada, Sakamoto, & Hamasaki, 2008) . No genetic effect on allelic richness was found in Sagami Bay (Gonzalez, Aritaki, Sakurai, & Taniguchi, 2013) where extensive releases have been made since the 1970s, whereas differences in allele frequency were found in KB and Wakayama Prefecture compared to other populations in Japan (Gonzalez, Aritaki, Knutsen, & Taniguchi, 2015) .
For shellfishes, in areas where the European lobster population around the Atlantic peninsula of Cornwall in the south-western UK have been supplemented with hatchery releases, the population was determined to be panmictic and no genetic effect was found (Ellis, Hodgson, Daniels, Collins, & Griffiths, 2017) . The great scallop enhancement programme in the Bay of Brest, France, had no effect on genetic diversity, and the R-L effect was not detected (Morvezen, Boudry, Laroche, & Charrier, 2016) . Studies of Japanese scallop reported that the haplotype and microsatellite allele frequencies were homogeneous in the Hokkaido populations and suggested that culture operations did not have a significant effect on the genetic population structure Sato et al., 2005) , although the Lake Notoro population was distinct from other populations until the permanent waterway construction in 1974, which allowed supply of larvae from outside (Kijima, Mori, & Fujio, 1984) . In the case of the Manila clam (Ruditapes philippinarum, Veneridae), a similar alien southern Chinese Ruditapes morph imported from North Korea and China was released in the Ariake Sea and significantly changed the genetic composition of the endemic population, whereby the mixing proportion of the alien clam was ~51%. This resulted in a hybrid swarm with intermediate morphology . Allelic differences between wild and stocked populations were found in the California red abalone (Gaffney et al., 1996) , while no strong population divergence was detected over its California range (Burton & Tegner, 2000) .
For salmonid species, substantial reductions in N e were found in a stocked population of Atlantic salmon, but not in other populations (Tessier, Bernatchez, & Wright, 1997) . A case of Atlantic salmon reported a stable population structure despite large-scale releases (Säisä, Koljonen, & Tähtinen, 2003) . Releases of non-native hatcheryreared Atlantic salmon increased allelic richness, but altered population structure (Ozerov et al., 2016) . Introgression of hatchery-reared anadromous brown trout (Salmo trutta, Salmonidae) was low (~6%) for fish produced from domesticated parents, but was very high (57% and 88%) for fish produced from wild parents in the hatchery (Hansen, 2002) . Genetic composition had been stable in anadromous brown trout populations over 50-100 years, and the genetic effects of hatchery fish were less likely (Hansen, Ruzzante, Nielsen, Bekkevold, & Menseberg, 2002) . Releases of endangered winter-run Chinook salmon did not appear to reduce the overall N e (Hedrick, Hedgecock, Hamelberg, & Croci, 2000) . Genetic diversity of Chinook salmon has been maintained over multiple generations of supplementation, with increased population sizes of both wild and captive-originating adults (Eldridge & Killebrew, 2008) . In contrast, a change in run timing was found in coho salmon (Ford et al., 2006) . The numbers of coho salmon transferred among rivers and released from hatcheries were negatively correlated with genetic differentiation (Eldridge & Naish, 2007) .
A significant R-L effect was found in the case of the Hood River steelhead . In Japan chum salmon in Hokkaido, efforts to increase the early-run population have been preferred since the early 1980s, and this practice resulted in a change in run timing and the late-run population almost disappeared (Miyakoshi, Nagata, Kitada, & Kaeriyama, 2013) .
| Declining Japan chum salmon populations: genetic effect?
The number of chum salmon returned to Japan continued to decrease in recent two decades and was 29, 225 thousand fish in 2016, which F I G U R E 7 Genetic effects reported in large-scale release programmes summarizing the results in Table S5 . Grey and white show negative effects found and no effects, respectively [Colour figure can be viewed at wileyonlinelibrary.com] Number of observation was 36% of 1996 when the catch was the historical maximum of 80, 861 thousand fish ( Figure S2 ). Almost Japan chum salmon are hatchery fish produced from returned fish for spawning, which also are almost hatchery fish. Here, I examined whether the long-term hatchery release affected fitness of the Japan chum salmon population. First, I inferred the effect on population structure. The empirical Bayes pairwise F ST values for high gene flow species (Kitada, Kitakado, & Kishino, 2007; were estimated based on allele frequencies of 14 microsatellite markers (http://www.
pac.dfo-mpo.gc.ca/science/facilities-installations/pbs-sbp/mgl-lgm/ data-donnees/index-eng.html, Beacham et al., 2008, n = 3,014) using the EBFST function in R package FinePop1.4.1. The mean ± SD was very small at 0.00349 ± 0.00056. The UPGMA F ST dendrogram described using MEGA7 (Kumar, Stecher, & Tamura, 2016) showed that some populations were nested over the seven regional groups found by the original study of Beachum and colleagues (Figure 8a,b) . This might reflect the past translocation history between 1960s and 1980s (Beacham et al., 2008; Kaeriyama & Qin, 2014) .
I summarized genetic diversity of chum salmon from the previous studies ( Figure 8c ). The number of mtDNA control region (CR) haplotypes (Sato et al., 2004) was 4.53 ± 1.68 for Japan and 3.22 ± 1.13
for other populations in the Pacific Rim (F = 10.03, p = .00277, df = 1 and 45), and the number of alleles at 14 microsatellite loci (Beacham, Sato, Urawa, Lei, & Wetklo, 2008) was 26.93 ± 11.82 for Japan and 21.47 ± 12.14 for others (F = 6.17, p = .01421, df = 1 and 138), showing that the genetic diversity was higher in Japanese chum salmon populations. In contrast, the allelic richness of SNPs combining the two studies that used the same markers (Sato, Templin, Seeb, Seeb, F I G U R E 8 Genetic diversity of chum salmon in the Pacific Rim and population structure in Japan. (a) Sampling sites with colours indicating the seven regional groups (drawn from Beacham et al., 2008) . (b) UPGMA dendrogram of the empirical Bayes pairwise F ST based on the allele frequencies from Beacham et al. (2008) . (c) (Top), Number of haplotypes for the mitochondrial DNA control region (number of populations r = 47, n = 2,154) (Sato et al., 2004) . (Middle), Number of alleles for 14 microsatellite loci (r = 30, n = 3,602) (Beacham et al., 2008) . (Bottom), Allelic richness for the 53 SNPs (r = 114, n = 10,458; Seeb et al., 2011) and that for the same 52 SNPs in Japan (r = 57, n = 5,571) as indicated by asterisks and grey colours (Sato et al., 2014 Hokkaido, Japan (7) Honshu, Japan (8) Korea (1) Russia ( Hokkaido, Japan (26)* Honshu, Japan (31)* Hokkaido, Japan (12) Honshu, Japan (4) Korea (1) Amur (2) Kamchatka (8) Alaska ( Seeb et al., 2011) showed that Japan's populations (1.65 ± 0.04) had lower allelic richness than others (1.80 ± 0.05) (F = 392.28, p = .00000, df = 1 and 169). To examine whether the low allelic richness was caused by hatchery releases, I calculated the disappearance probability of a rare allele (DPRA) for a frequency of 0.01 in the stocked population under various numbers of parental fish and stocking periods (80-200 years) using the equations of Kitada et al., 2009 (Table S6) . Almost all chum salmon returning to Japan have been considered hatchery-originating (Kaeriyama, 1999) . Natural spawning occurs in non-enhanced and enhanced rivers (Miyakoshi et al., 2012) , and the proportions of wild fish were estimated at 15.9 ± 0.6% and 28.3 ± 1.2%, respectively, but the variation was very large (0-50%) among the surveyed rivers (Morita, Takahashi, Ohkuma, & Nagasawa, 2013 . DPRA values were not small for cases with a total of 5,000 parental fish, but were very small or zero for cases using more than 30,000 parental fish, even with hatchery release programmes that have continued over 120 years. Hatchery-reared chum salmon are released in major 140 rivers in Hokkaido (Miyakoshi et al., 2013) ; therefore, the number of parental fish used for artificial fertilization every year should be very large. The results agree with the high microsatellite genetic diversity of Japanese chum salmon (Beacham et al., 2008) , and they suggest that hatchery releases might not be responsible for the smaller number of SNP alleles of the Japanese populations. The higher levels of SNP allelic richness in Alaska populations might be caused by ascertainment bias, and neither marker type suggested that genetic diversity of Japanese populations was lower than that from North America (Seeb et al., 2011) .
Climate-related changes in the ocean can reduce marine survival of salmon (e.g. Beamish, 2017; Beamish, Riddell, Neville, Thomson, & Zhang, 1995) . The sea surface temperature (SST) has increased in recent 100 years in Hokkaido and northern Honshu, Japan ( Figure   S6 ). The warming might affect the marine survival rate of the southern limit Japan chum salmon populations, and/or hatchery rearing repeated for over the five decades might reduce the survival rate of the Japan chum salmon populations. I conducted a simple regression analysis of the number returned on SST anomalies (Appendix S1). A negative correlation between SST and the numbers of returning fish in Hokkaido (r = −.60, p = .0043) and Honshu (r = −.57, p = .0072) was found after 1996 ( Figure 9 , Table S7 ). The slopes of the regression lines were identical, but the intercepts were different. The result indicates that ~30% of variation in decreasing catches is attributed to increasing SST. The decreasing Japan catch also negatively correlated with the Russian catch, which remarkably increased since 2003 ( Figure   S2 ). The number of released juveniles has increased since around 2003 in Russia, and was ~42% of Japan in 2016 ( Figure S3 ). The causes for the reduction and increase were not known (Beamish, 2017) . A stepwise linear regression analysis excluded the number of Japan releases from the explanatory variables and found that 62% of variation in the decreasing Japan catch was explained by the SST and Russian catch after 1996 (Table S7 ). The result suggests that a portion of Japan chum salmon returning to spawning might be forced to stay longer in Russian fishing grounds due to the high SST in the northern Japanese coasts.
The number of releases did not explain the recent catch decline, but whether repeated hatchery rearing reduces the fitness of Japan chum salmon populations was not known.
| Gene flow from hatcheries
Half of the 38 empirical cases treated in this review indicate evidence of reduction in genetic diversity and N e , changes in population structure and run timing. The rest of the half showed no effect on genetic diversity. However, the results clearly show that substantial introgression of hatchery genes into wild populations occurs. The magnitude should depend on the numbers of broodstock and stocking intensity. I calculated DPRA under various release strategies for 10 parental fish and combined it with results of a previous study (Kitada et al., 2009 ; Table S8 ). The results show that a larger number of parents are generally required for the larger stocking rates to maintain genetic diversity in populations and that a reduction in genetic diversity generally occurs when releases continue for 20 years with a stocking rate of R ≥ 0.3.
The calculation assumes that all parental fish contribute to spawning. This assumption may generally be not true for natural spawning in rearing tanks in marine stock enhancement and aquaculture. The SST anomaly Number returned (million) Hokkaido Honshu genetic effects depend on the proportion of contributing parents in the broodstock and in the wild population, and smaller contributing parents and N e /N ratios cause higher reduction in N e even in large census population size (N) (Waples et al., 2016) . The DPRA values become larger in such cases. A theoretical study provided an interesting picture of gene flow from hatcheries, which predicted the replacement of wild genes by hatchery genes under various levels of stocking rates and fitness (Matsuishi, Kishino, & Numachi, 1995) . For example, eight generations are required for wild genes to become half in the recipient populations and 49 generations for wild genes to become <1%, assuming a stocking rate of 10% with additive genetic effects of the same fitness for hatchery, hybrid and wild fish. Gene flow from hatcheries to wild populations surely takes place, and the speed of replacement of wild genes by hatchery genes should depend on broodstock, stocking rates, duration of release and fitness of hatchery fish.
| CONCLUSION
Vast numbers of individuals of more than 180 marine species including salmonids are released into the wild each year worldwide, but most studies are at experimental stages and empirical studies are sparse for assessment of the potential and effectiveness of hatchery release on fishery production. Recapture rates are expected to be ~8% on average but largely vary between species and cases. Sample surveys of landings are useful to quantify recaptures of hatchery-released juveniles, but most cases are economically unprofitable due to high seed production costs compared to market prices, except for a few successful cases or fisheries that have been left unevaluated. The effects of releasing juveniles can be dwarfed by the magnitude of natural recruitment when the spawning stock produces much larger recruitment than released juveniles. Density-dependent growth caused by competition of food can be substantial, and growth rates of hatchery and wild fish and other competitive species can be simultaneously reduced when stocking levels exceed the available food supply. RRS may vary depending on species, seed quality, broodstock, duration of captive rearing, environmental factors and carrying capacity in rivers. Empirical studies show evidence of substantial gene flow from hatcheries and changes in genetic compositions in wild populations.
Gene flow from hatcheries to wild populations surely takes place. It is therefore needed production of seeds having the same levels of genetic diversity and fitness with wild ones to maintain genetic diversity and fitness of populations. Fitness reduction in stocked populations caused by genetic effects of captive rearing has not been reported, and this might be attributed to low strength in the methods used and lack of data. The results represent the current state of worldwide marine stock enhancement and sea ranching activity and provide key information for growing fields of artificial propagation and conservation.
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